Background-Chronic ethanol abuse in humans is known to independently increase the incidence of and mortality due to acute lung injury in at-risk individuals. However, the mechanisms by which ethanol affects lung cells remain incompletely elucidated. In earlier work, we reported that ethanol increased the expression in lung fibroblasts of fibronectin, a matrix glycoprotein implicated in lung injury and repair. This effect was blocked by α-bungarotoxin, a neurotoxin that binds certain nicotinic acetylcholine receptors (nAChRs) thereby implicating nAChRs in this process. Here, we examine the identity of these receptors.
INTRODUCTION
Acute Respiratory Distress Syndrome (ARDS) is the most severe form of acute lung injury and has been found to occur 3.7 times more often in people who meet the diagnostic criteria for ethanol use disorders (Moss et al., 1996) . Although the exact mechanisms responsible for the detrimental effects of ethanol in lung are unknown, studies performed in rodents show that chronic ethanol exposure (up to 6-8 weeks) is associated with upregulation of proinflammatory cytokines (Bechara et al., 2004; Brown et al., 2001) , disruption of normal signaling pathways (Aroor and Shukla, 2004) , activation of tissue remodeling , and induction of oxidant stress (Guidot and Roman, 2002) ; all of which contribute to the production of the "alcoholic lung phenotype". It is this phenotype that appears to render the host highly susceptible to respiratory infections along with other serious lung diseases like acute lung injury (Joshi and Guidot, 2007; Prout et al., 2007) . However, to date, the exact cellular mechanisms that allow cells to recognize ethanol remain unclear, yet such knowledge would point to potential targets for intervention in ethanolrelated lung dysfunction.
Investigations focusing on the effects of ethanol in neuronal tissue have shown that this agent may act via members of the nicotinic acetylcholine receptor (nAChR) family Davis and de Fiebre, 2006; Narahashi et al., 1999) . NAChRs are part of the Cysloop superfamily of transmitter-gated ion channels that include the GABA A , strychninesensitive glycine, and 5-HT 3 receptors. Thus far, seventeen genes encoding nAChR subunits have been identified in mammals and include the αsubtype (α1-α10), the β subtype (β1-4), and the δ, ε and ψ subunits (Alexander et al., 2004; Millar, 2003; Sargent, 1993) . However, little is known about nAChR expression and function outside of the central and peripheral nervous systems.
NAChRs have been demonstrated in immune cells (Davies et al., 1982; Hiemke et al., 1996; Mizuno et al., 1982) , keratinocytes (Aztiria et al., 2000) , and NIH/3T3 fibroblasts (Aztiria et al., 2000) . Evidence for the expression of functional nAChRs in lung cells is also available . α3, α5, and α7 nAChR subunits have been detected in both human and mouse bronchial epithelial cells, whereas α4 subunits are present in alveolar epithelial cells, α7 subunits are detected in submucosal glands (Zia et al., 1997) . α3 and α5 subunits were detected in bronchial epithelial cells and formed channels as demonstrated by patch clamping (Maus et al., 1998) . Our group recently reported that α7 nAChR-dependent signals modulate lung branching morphogenesis in studies of prenatal nicotine exposure (Wongtrakool et al., 2007) . α7 and α4 nAChR also appear to mediate the mitogenic effects of nicotine in lung carcinoma cells (Zheng et al., 2007) .
Considering the above, we set out to investigate the potential role of nAChRs as mediators of the effects of ethanol in lung. In a prior publication, we reported that ethanol stimulates lung fibroblasts to produce fibronectin, a matrix glycoprotein implicated in tissue injury and repair . We also reported that ethanol-induced fibronectin is inhibited by α-bungarotoxin, a neurotoxin. Because of the high affinity of α-bungarotoxin towards α7 nAChRs, we tested fibroblasts harvested from α7 nAChR deficient mice. However, these fibroblasts were able to produce fibronectin in response to ethanol thereby implicating other α-bungarotoxin sensitive nAChRs in this process . Specifically, we found that ethanol-induced fibronectin expression was blocked by an inhibitor of alcohol dehydrogenase suggesting that ethanol metabolism was required . Herein, we extend those earlier observations to show that α4 nAChR, and perhaps other nAChRs, serve as sensors of ethanol-induced oxidant stress in lung fibrobroblasts. Furthermore, we show that these nAChRs are expressed in lung and are increased in the setting of chronic ethanol exposure in rodents, thereby suggesting a role in vivo.
MATERIALS AND METHODS

Reagents
Mouse nAChRs α4, α9, α10, β2, control non-target siRNA, PCR primers (QuantiTect Primer Assays) were purchased from Qiagen (Valencia, CA). Polyclonal antibodies against nAChR subunits α4, α9, α10, and β2 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, California). All other reagents were purchased from Sigma Chemicals (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) unless otherwise specified.
Cell culture and treatment
Primary lung fibroblasts were harvested from wild type or C57BL/6 mice transgenic for the fibronectin-luciferase promoter (Michaelson et al., 2002; Tomic et al., 2005) as previously described (Tomic et al., 2005) . Fibroblasts were grown in DMEM (4.5 g/L glucose, 10% FBS) and incubated in a humidified 5% CO 2 incubator at 37°C. Cells were treated with 60 mM ethanol , a concentration detected in the blood of alcoholics (Henzel et al., 2004) . Cell viability was determined by Trypan blue exclusion. No alterations in cell viability were noted under the conditions described.
Silencing of nAChRs and detection of mRNAs by RT-PCR
Primary lung fibroblasts (4 ×10 4 cells/well) were incubated in DMEM (10% FBS) for 24 h. Fibroblasts were transfected with α4, α9, α10, β2 nAChR or control non-target siRNA (150 ng) using HiPerFect Transfection Reagent (Qiagen, Valencia, CA) and incubated at 37°C for 24 h. Fibroblasts were then treated with 60 mM ethanol for an additional 24 hr, harvested and processed for mRNA isolation (Tel-test Inc., Friendswood, TX). The mRNA was reverse-transcribed using SuperScript III (Life Technologies, Gaithersburg, MD). RT reactions were performed using the following primers: mouse α4 nAChR forward (5′ GGGCACCTACAACACC), reverse (5′ GGTGATGAGCAGCA GG) primer; α9 nAChR forward (5′ AATGTGACCCTGGAGG), reverse (5′ CACGTTGGTGC TGGC) primer; α10 nAChR forward (5′ CGCTCACCGTCTTCCAG), reverse (5′ GGTGGCTGCGGAAGG) primer; β2 nAChR forward (5′ TCCACTTGTGTTCCCTAGAAGA GC), reverse (5′ AGCGCCATAGAGTTGGAGCACC) primer; mouse 18S forward (5′ GTGACCAGAG CGAAAGCA), reverse (5′ ACCCACGGAATCGAGAAA) primer. PCR protocol was: 95°C for 30 sec, 55°C for 30 sec, 72°C for 1 min. for 35 cycles. Negative controls consisted of dH 2 0 and RNA without RT-PCR. PCR products were resolved on 1% agarose gels and stained with ethidium bromide.
For Real-Time RT-PCR, reactions were set up by adding LightCycler FastStart Master SYBR Green mix (Roche, Indianapolis. IN), template cDNA (500 ng) and forward, reverse primers for mouse α4, α9, α10 and β2 nAChR (Qiagen, Valencia, CA). Samples were processed using the Cepheid Smart Cycler: hold 95°C for 120 s; 40 cycles at 95°C for 15 s, 58°C for 30 s, 72°C for 30 s. Results of the log-linear phase of the growth curve were analyzed by the mathematical equation of the second derivative, relative quantification was performed using the 2−δδCT method (Livak and Schmittgen, 2001) .
Western blot analysis
Ethanol-treated fibroblasts or lung tissue from animals exposed to ethanol were harvested for Western blot analysis as previously described . Protein concentration was determined by Bradford method (Bradford, 1976) . Cell extract (50 ug protein) was mixed with an equal volume of 2x SDS sample buffer, boiled for 5 min., and resolved on a 5 or 10% SDS-polyacrylamide gel for 1-3 h at 150 v. Separated proteins were transferred onto nitrocellulose using a BioRad Trans Blot semi-dry transfer apparatus for 1 h at 25 mA, blocked with blotto for 1 h at room temperature. Blots were washed, incubated with primary antibody against fibronectin (Sigma, St. Louis, MO) (1:1000 dilution) or α4, α9, α10, β2 nAChR (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) (1:1000 dilution) for 24 h at 4°C, washed and incubated with secondary goat anti-rabbit IgG (horse radish peroxide-conjugated, 1:20,000 dilution) for 1.5 h at room temperature. Blots were washed, transferred to ECL solution (Amersham, Arlington Heights, IL) for 1 min., and exposed to X-ray film. Protein bands were quantified by densitometry using a Bio-Rad GS-800 laser densitometer (Hercules, CA).
Fibronectin promoter activity
Fibroblasts (1 × 10 4 cells/48 well) harvested from transgenic mice expressing the human fibronectin promoter connected to a luciferase reporter gene, pFN(1.2kb)LUC (Michaelson et al., 2002) . were pretreated for 2 h with 10 uM Dihydro-β-erythroidin hydrobromide (Tocris Bioscience, Ellisville, MO), or 10 uM α-bungarotoxin. Afterwards, cells were exposed to ethanol (60 mM) for 24 h. Fibroblasts were also treated with acetylcholine (100-500 uM) for 24, 72 or 96 h. In experiments involving N-acetyl cysteine, fibroblasts (1 × 10 4 cells/48 well) were pretreated with 5 mM N-acetyl cysteine for 2 h prior to exposure to ethanol (60 mM) for 24 h. Oxidant stress was induced by oxidation of the Cysteine/Cystine redox potential; also known as Eh Cys/CySS. The various extracellular thiol/disulfide redox potentials were established by varying the concentrations of Cys and CySS added to Cysfree DMEM (Sigma-Aldrich, St. Louis, MO) as previously reported (Moriarty et al., 2003) .
Afterwards, fibroblasts were harvested, washed, and luciferase activity was quantified using a Labsystems Luminoskan Ascent Plate Luminometer. Results were recorded as relative luciferase units, normalized to total protein as measured by the Bradford method. Each experiment represents 6 separate samples.
Cell viability assay
Wild type or primary lung fibroblasts (1 × 10 4 cells/ml) were added to 96-well tissue culture plate and incubated at 37°C for 24-72 h. Afterwards, cell numbers were measured using the Cell Titer-Glo Luminescent Cell Viability Assay Kit (Promega, Madison, WI). Quantification was performed using a Labsystems Luminoskan Ascent Plate Luminometer. Each experiment represents 8 separate samples. Results were recorded in relative luciferase units.
α-bungarotoxin binding assay
The α-bungarotoxin binding assay was performed using the method of Breese et al., (Breese et al., 1997) to detect the presence of cell surface functional nAChRs. Fibroblasts (1 × 10 5 ) were incubated with ethanol (60 mM) for 24 h. Media was removed, cells were washed and incubated for 30 min in binding media (complete serum free media, 0.2% BSA) at 37°C and 5% C0 2 . Some samples were pretreated with nicotine (2 mM) for 1 h prior to the addition of 5 nM CF488A-labeled α-BGT (Biotium, Hayward, CA). After 3 h, cells were washed, harvested, and CF488A-labeled α-BGT bound to the nAChRs was measured using a Beckman Coulter AD-340 spectrophotometer.
Animal model of chronic ethanol ingestion and lung immunohistochemistry
Ethics Statement. All procedures were approved by the Emory University Institutional Animal Care and Use Committee (protocol 043-2010). The rat model of chronic ethanol ingestion has been described previously (Bechara et al., 2004; Brown et al., 2001; Gauthier et al., 2010a; Guidot and Roman, 2002; Velasquez et al., 2002) . Briefly, young adult male Sprague-Dawley rats (200-250 g) were fed the Lieber-DeCarli liquid diet (Research Diets, New Brunswick, NH) containing either ethanol (36% total calories) or the isocaloric carbohydrate substitution with Maltose-Dextrin (control diet) for up to 6 weeks. The mouse model of chronic ethanol ingestion has also been described previously (Gauthier et al., 2010b) .
Control and experimental lungs were processed for immunohistochemistry as previously described . Lung tissue slides were washed, blocked with serum-free protein block solution (Dako, Carpinteria, CA), and stained with antibodies to α4 nAChR (1:100 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or control IgG overnight at 4°C using the Vectastain ABC (Vector Laboratories, Inc., Burlingame, CA) method. Slides were counterstained with hematoxylin and coverslipped with mounting medium.
Statistical evaluation
All experiments were repeated 4-6 times. Means plus standard deviation of the mean were calculated for all experimental values. Significance was assessed ANOVA using p values obtained by two-tailed Student's t test.
RESULTS
Ethanol stimulates the expression of nAChRs in lung fibroblasts
Previously, we reported that ethanol stimulates fibronectin expression in lung fibroblasts both in vivo and in vitro . In cultured primary lung fibroblasts, ethanol induction of fibronectin was blocked by α-bungarotoxin. Due to the reported specificity of this neurotoxin for α7 nAChRs, we examined the effect of ethanol in primary lung fibroblasts harvested from α7 nAChR null mice. However, ethanol was still able to stimulate fibronectin expression in these cells . We therefore turned our attention to alternative nAChRs. Considering that nAChR expression is often increased by its ligand (Zia et al., 1997) , we began by examining the expression of several nAChRs in lung fibroblasts exposed to ethanol. As depicted in Figure 1A , ethanol stimulated the mRNA expression of the α4 and α9 nAChR subunits, while α10 and β2 subunit expression remained relatively unaffected. Interestingly, the α4 protein was also upregulated, but effects on α9 protein were less prominent ( Figure 1B ).
Ethanol-induced fibronectin expression is mediated via nAChRs in lung fibroblasts
We predicted that if ethanol stimulates fibronectin expression by acting on nAChRs, then acetylcholine should mimic this effect. As depicted in Figure 2A , acetylcholine also stimulated fibronectin expression in a dose-dependent manner in primary lung fibroblasts transfected with the human fibronectin gene promoter fused to a luciferase reporter gene (Tomic et al., 2005) . However, acetylcholine is not a specific agonist and, therefore, further work was performed to identify the nAChRs involved.
Because the above data implicated α4 nAChR in ethanol-induced fibronectin expression ( Figure 1) , we examined the effects of Dihydro-β-erythroidin hydrobromide (DβH), an inhibitor of α4 nAChR. Similar to α-bungarotoxin , DβH inhibited ethanol-induced fibronectin expression in lung fibroblasts ( Figure 2B ). Of note, DβH also inhibited the mitogenic effect of ethanol ( Figure 2C ).
The above data suggested that, in lung fibroblasts, ethanol-induced fibronectin expression and cell proliferation are mediated via DβH-sensitive receptors; the latter suggesting at least a partial role for α4nAChRs. In order to verify the involvement of these nAChRs, lung fibroblasts were transfected with siRNAs targeting nAChRs. As shown in Figure 3A , siRNA transfection resulted in over 90% inhibition of mRNA and protein expression of the relevant nAChRs. Ethanol-induced fibronectin mRNA ( Figure 3B ) and protein ( Figure 3C ) expression were abolished by both α4 and α9 siRNA treatments when compared to a nonspecific siRNA. In contrast, reductions in α10 or β2 nAChR by siRNA treatment had less of an effect on fibronectin induction and did not block the effects of ethanol on fibronectin protein expression. We also examined the expression of mRNA and protein for other nAChRs in these siRNA transfected cells and failed to detect a concomitant change in expression of other nAChRs subunits (data not shown).
Ethanol-induced fibronectin is mediated by nAChRs via ligand-independent pathways
The above data suggested that α4, and perhaps other nAChRs expressed on the surface of fibroblasts, mediate the effects of ethanol. However, we previously reported that ethanol metabolism was indispensible for ethanol-induced fibronectin expression. Moreover, we showed that aldehyde, a metabolite of ethanol, mimicked the actions of ethanol in lung fibroblasts . The latter observations do not fit with a traditional model of ligand-dependent receptor activation in which ethanol binds to surface nAChRs and triggers signal transduction. Instead, the observations suggested that nAChRs might mediate the effects of ethanol indirectly through a ligand-independent mechanism. To begin to test this possibility, we performed ligand binding assays with fluorescent labeled αbungarotoxin. We predicted that, if ethanol binds nAChRs directly and at the ligand binding site or in close proximity to it, α-bungarotoxin binding would be decreased due to competitive inhibition as we have reported for nicotine and the α7 nAChR . On the other hand, if ethanol does not bind nAChRs, α-bungarotoxin binding would not be reduced, and perhaps would increase considering that ethanol induces the expression of nAChRs as shown in Figure 1 . To test this, we exposed cells silenced for α4 nAChR to ethanol and found that ethanol did not interfere with α-bungarotoxin binding in control cells (Figure 4) . Instead, ethanol enhanced α-bungarotoxin binding, which is consistent with its ability to stimulate nAChR expression. Thus, ethanol does not appear to directly bind nAChRs, at least not in a way that competes for α-bungarotoxin binding. Note that silencing of α4 nAChRs decreased α-bungarotoxin binding both at baseline and after ethanol exposure indicating that this receptor, like α7 nAChR, is an α-bungarotoxin-sensitive receptor. The latter is important because it confirms our previous report indicating that ethanol-induced fibronectin is inhibited by α-bungarotoxin . Nicotine, used as a control, inhibited α-bungarotoxin binding since it binds to both α7 and α4 nAChRs.
Ethanol may induce fibronectin expression through oxidant stress-mediated activation of nAChRs
The experiments described above indicated that ethanol stimulates fibronectin expression through α-bungarotoxin-sensitive receptors, mainly through α4 nAChRs, but perhaps also via α9 nAChRs. These events do not appear to occur through a ligand-dependent process. This idea was considered intriguing since ethanol-induced fibronectin expression is dependent on ethanol metabolism and the generation of aldehyde . Aldehyde is a strong oxidant and, consequently, we hypothesized that ethanol-induced oxidant stress could trigger nAChR activation. There are several cysteine residues strategically located near the ligand binding site of the receptor that could be the target of oxidant stress (Figure 5A, insert) . Considering this, we predicted that, if ethanol triggers nAChR activation through the generation of oxidant stress, treatment with a glutathione donor like N-acetyl cysteine (NAC) would inhibit ethanol-induced fibronectin expression. Figure 5A shows that N-acetyl cysteine inhibited fibronectin expression induced by ethanol in lung fibroblasts.
Our hypothesis that ethanol induces nAChR activation through oxidant stress also predicts that oxidant stress should trigger nAChR activation in the absence of ethanol. To test this, lung fibroblasts were exposed to oxidant stress induced by oxidation of the Cysteine/Cystine redox potential; also known as Eh Cys/CySS. In other work, we reported that this type of oxidant stress stimulates fibronectin expression in lung fibroblasts (Ramirez et al., 2007) . We reasoned that if our hypothesis was correct, α-bungarotoxin should inhibit this effect considering that it tightly binds nAChRs and locks them in the "off" state. As presented in Figure 5B , we found that oxidation of the Eh Cys/CySS (i.e., Eh −46 mV) induced fibronectin expression, while reduction of the Eh Cys/CySS (i.e., Eh −131 mV) had no effect. Most importantly, α-bungarotoxin inhibited oxidant stress-induced fibronectin expression suggesting that nAChRs mediated the response.
Ethanol stimulates the expression of α4 nAChRs in lung
To explore the relevance of our findings to the situation in vivo, we examined lung tissue harvested from mice and rats exposed to ethanol for 6 weeks. As depicted in Figure 6A , α4 nAChR expression was minimal in wild type untreated control lungs examined using immunohistochemistry. However, the lungs of ethanol-treated animals exhibited a dramatic increase in staining for α4 nAChR in peri-airway cells, peribronchial tissue, vascular structures, within the interstitium, and alveolar macrophages. This relationship was confirmed using RT-PCR, Real-time RT-PCR and Western blot to evaluate for α4 nAChR mRNA ( Figure 6B ) and protein ( Figure 6C) 
DISCUSSION
Chronic ethanol abuse increases susceptibility to acute lung injury (Moss et al., 1996) . In fact, 40% of the over 200,000 cases of acute lung injury diagnosed in this country every year are thought to be linked to alcohol abuse (Guidot and Hart, 2005) . Chronic ethanol use is also associated with increased mortality (Guidot and Hart, 2005) . In view of its importance, researchers have searched for the mechanisms responsible for this association. In studies performed in rodents, it has been shown that chronic exposure to ethanol (up to 6-8 weeks) is associated with upregulation of proinflammatory cytokines (Bechara et al., 2004; Brown et al., 2001) , alterations in surfactant production (Velasquez et al., 2002) , and the induction of oxidant stress (Guidot and Roman, 2002; Yeh et al., 2007) . Ethanol also results in activation of tissue remodeling in lung as evidenced by increased expression and/or activation of matrix metalloproteinase (Lois et al., 1999) , transforming growth factor β (Bechara et al., 2004) , and increased fragmentation of collagen (Lois et al., 1999) . Together, these changes contribute to the production of what has been termed the "alcoholic lung phenotype". It is this phenotype that appears to render the host highly susceptible to acute lung injury.
Interestingly, the exact mechanisms by which host lung cells recognize ethanol remain poorly understood. Ethanol is lipid soluble and can transverse cellular membranes. Once inside cells, ethanol is metabolized to acetaldehyde by one of several alcohol dehydrogenases (Crabb et al., 2004; Quertemont and Didone, 2006) . Inhibitors of alcohol dehydrogenase function prevent many of the effects of ethanol in liver and lung cells (Niemela et al., 1998) , suggesting an important role for acetaldehyde in ethanol-mediated tissue injury. Acetaldehyde, known to induce oxidant stress, has been proposed as a major contributor to injury in animal models of chronic ethanol exposure (Kopczynska et al., 2001) . In addition to the effect of ethanol, metabolites and oxidant stress, others have suggested the existence of sensors for ethanol at the cellular level. The studies presented herein explore the role of nAChRs as sensors for ethanol in lung fibroblasts.
The ability of ethanol to induce fibronectin expression in lung fibroblasts provided a suitable system to study the potential role of nAChRs . In view of studies implicating fibronectin in lung injury and repair, we set out to investigate how ethanol stimulated fibronectin expression in lung fibroblasts. Earlier reports showed ethanol stimulation of fibroblasts was dependent on ethanol metabolism and resulted in the doseand time-dependent activation of protein kinase C, Mitogen Activated Protein Kinases, as well as the phosphorylation of the cyclic AMP-responsive element binding protein (CREB), a transcription factor known for its ability to stimulate fibronectin expression . Importantly, we showed that ethanol-induced fibronectin in lung fibroblasts was inhibited by α-bungarotoxin, a snake toxin known for its specificity towards nAChRs (Arias, 2000) . This observation prompted the studies presented here.
The observation that acetylcholine mimics the stimulatory effect of ethanol on fibronectin expression further pointed to nAChRs as sensors for ethanol. Our initial studies directed at identifying the nAChRs involved focused on α7 nAChR, the most common nAChR, but they failed to show a role for this receptor in ethanol-induced fibronectin expression . This prompted us to search for α-bungarotoxin sensitive nAChRs other than α7 nAChRs and culminated in observations pointing to α4, and perhaps α9, nAChRs as sensors of ethanol in lung fibroblasts. First, we found that ethanol stimulated the expression of both of these receptors, but failed to affect the expression of α10 and β2 nAChRs. Furthermore, DβH, an inhibitor of α4 nAChR function (Cheeta et al., 2001) , inhibited ethanol-induced fibronectin expression and mitogenesis. Importantly, silencing of α4 and α9 nAChR expression in lung fibroblasts with siRNA inhibited ethanol-induced fibronectin expression. Although there may be the possibility of off-target effects due to the use of siRNA, we have attempted to minimize these effects by the use of minimal concentrations and pooling of multiple siRNAs to the target sequences. These observations, and the finding that ethanol stimulated α4 nAChR protein expression while having a minimal effect on α9, led us to further investigate the role of α4 nAChR.
Ligand binding assays were performed to determine if α4 nAChRs mediate the effects of ethanol through a classic ligand-dependent versus a ligand-independent pathway. We reasoned that ethanol should compete for α-bungarotoxin binding if ethanol activates nAChRs by binding to its ligand binding site as has been observed for nicotine . In contrast, if ethanol does not bind to nAChRs, it would not compete for αbungarotoxin binding and may even enhance binding since it stimulates nAChR expression. The latter was found to be true; ethanol enhanced α-bungarotoxin binding. Although it is conceivable that ethanol might bind to a separate site in nAChR that does not affect αbungarotoxin binding, this is considered less likely. These studies also showed that, in cells silenced for α4 nAChRs, α-bungarotoxin binding decreased further emphasizing that α4 nAChRs are α-bungarotoxin sensitive. To our knowledge, this is the first demonstration of this in the literature. However, it is recognized that the inhibitors tested might affect other nAChRs (e.g, α3β4) and, therefore, other processes might be involved.
We then hypothesized that ethanol might affect nAChRs indirectly through induction of oxidant stress. This is consistent with other reports showing that ethanol-induced susceptibility to lung injury in animals is inhibited by pre-treatment with anti-oxidants such as procysteine and N-acetyl cysteine Holguin et al., 1998) . Our hypothesis was supported by studies showing that ethanol-induced fibronectin was inhibited by the glutathione donor N-acetyl cysteine. Furthermore, we showed that oxidated Eh Cys/ CySS also stimulated fibronectin expression in lung fibroblasts and, importantly, that this effect was inhibited by α-bungarotoxin further pointing to nAChRs as sensors of ethanolinduced oxidant stress. Although these data support our hypothesis, other explanations might be possible. For example, Sun et al. recently showed that NAC promotes survival of neuronal cells through group I metabotropic glutamate receptor activity (Sun et al., 2012) . Thus, the reagents used may turn out to affect the processes studied in ways that we cannot anticipate at this time. It is for this reason that we are now focusing on cysteines in nAChRs that might be affected by oxidant stress by manipulating the expression of wildtype and mutant receptors; these studies should shed light into this area.
Finally, we examined for the presence of the α4 nAChR subunit in lung tissue obtained from untreated rats and rats exposed chronically to ethanol. We found very little expression of α4 nAChRs in the lungs of untreated animals, while α4 nAChR expression increased dramatically in the lungs of animals treated with ethanol. Staining for α4 nAChR was most prominent in airway cells, peri-airway cells (fibroblasts and smooth muscle cells), and in vascular structures. The α4 subunit mRNA and protein was dramatically increased in both murine and rat lungs harvested from animals exposed to ethanol.
Together, our data suggest that α4 nAChRs mediate, at least in part, the effects of ethanol in lung fibroblasts. However, the exact identity of these receptors remains unknown since nAChRs are pentameric. In brain cells, α4 β2 heteropentameric nAChRs appear to be important in mediating the effects of ethanol, but the absence of an effect related to β2 in our system suggests the involvement of other α4 -containing nAChRs. A heteropentamer composed of both α4 and α9 subunits has not been reported and these subunits failed to coimmunoprecipitate in preliminary experiments (not shown). However, such a putative heteropentamer would explain our siRNA results whereby the alcohol-induced increase in fibronectin could be blocked by targeting either α4 or α9. Thus, at this point in time, the exact identity of the α4-containing nAChRs responsible for 'sensing' ethanol in lung fibroblasts remains unknown.
In summary, our data suggest that α4 -containing nAChRs serve as sensors for ethanol and we hypothesize that the cellular effects of ethanol are mediated, at least in part, by its metabolism to acetaldehyde which results in oxidant stress. In turn, oxidant stress acts on strategically located cysteines in the nAChR that trigger conformational changes leading to signal transduction and upregulation of fibronectin expression, among other events. This hypothesis explains our observations, especially those showing that acetylcholine and oxidant stress mimic the effects of ethanol, while α-bungarotoxin and N-acetyl cysteine block them. Although the exact function(s) of nAChRs in lung remain unclear, several studies suggest important roles in lung development, inflammation, and cancer (Sekhon et al., 1999; Tournier and Birembaut, 2011) . Interestingly, chronic ethanol exposure has been linked to the pathophysiology of these processes (Bagnardi et al., 2010; Gauthier et al., 2010a; Gauthier et al., 2010b; Lois et al., 1999; Tournier and Birembaut, 2011; Velasquez et al., 2002) . It is intriguing to consider that nAChRs may serve as future potential targets for intervention to prevent the devastating effects of ethanol in lung and other tissues. . mRNA values were normalized to 18S and shown as means ± SD. Note that α4 and α9 nAChR mRNA levels were significantly increased in lung fibroblasts treated with ethanol. *Significant difference from non-treated cells (n=4; p< 0.01). B. Upper panel: Primary lung fibroblasts (1 × 10 6 cells/ml) in 6-well plates treated with or without ethanol for 24 h followed by Western blot analysis for α4, α9, α10 or β2 nAChR protein expression. Duplicate blots were analyzed for actin expression and used as loading controls. Lower panel: Quantification of protein levels using a Bio-Rad GS-800 laser densitometer (Hercules, CA). Note that only α4 nAChR protein levels were significantly elevated in fibroblasts treated with ethanol. *Significant difference from non-treated cells (n=4; p< 0.01). A. Acetylcholine mimics the effect of ethanol on the induction of fibronectin promoter expression. Primary mouse lung fibroblasts isolated from C57BL/6 mice transgenic for the fibronectin-luciferase promoter (4 × 10 4 cells/well) were added to 48 well plates and cultured in the presence of varying concentrations of acetylcholine (100-500 uM) at 37°C for 24-96 h, harvested, and cell extracts were processed for induction of fibronectin promoter expression by luciferase assay. Quantification was performed using a Labsystems Luminoskan Ascent Plate Luminometer, results were recorded as relative luciferase units, and all samples were normalized for total protein as determined by the Bradford method. *Significant difference from control non-treated cells (n=8; p<0.01). B. Induction of fibronectin promoter activity by ethanol is inhibited by pretreatment with an α7 nAChR inhibitor, α-bungarotoxin (α-BGT) and a competitive inhibitor of α4 nAChR, Dihydro-βerythroidin hydrobromide (DβH). Primary mouse lung fibroblasts isolated from C57BL/6 mice transgenic for the fibronectin-luciferase promoter (1 × 10 4 cells/well) were added to 48 well plates and cultured in the presence of physiological concentrations of ethanol (60 mM) at 37°C for 24 h, harvested, and cell extracts were processed for induction of fibronectin promoter expression by luciferase assay. Quantification was performed using a Labsystems Luminoskan Ascent Plate Luminometer, results were recorded as relative luciferase units and all samples were normalized for total protein as determined by the Bradford method. Both α-BGT and DβH were able to abrogate the fibronectin promoter induction by ethanol. *Significant difference from ethanol treated cells (n=8; p<0.01). C.,DβH inhibits ethanolinduced fibroblast proliferation. Primary mouse lung fibroblasts (1 × 10 4 cells/ml) were added to 96-well plates, treated with or without ethanol in the presence or absence of the α4 nAChR inhibitor DβH for 24-72 h. Afterwards, cell proliferation was measured by the Cell Titer-Glo Luminescent Cell Viability. Quantification was performed using a Labsystems Luminoskan Ascent Plate Luminometer, results were recorded as relative luciferase units. Note that DβH significantly inhibited the increase in cell proliferation at 72 h of ethanol treatment. *Significant difference from control non-treated cells at 72 h (n=8; p<0.01). **Significant difference from ethanol treated cells at 72 h (n=8; p<0.01). A. Western blot and mRNA analysis of the effect of α4, α9, α10 or β2 nAChR or control non-target siRNA knockdown in transfected primary lung fibroblasts. Upper panel shows the ability of the siRNA to eliminate the expression of the nAChRs while the lower panel demonstrates the ability of the siRNA to downregulate mRNA expression. Western blot gels were stripped and reprobed for GAPDH expression to control for loading. The 18S subunit was used to normalize mRNA expression for RT-PCR analysis. B. Induction of fibronectin mRNA expression by ethanol is inhibited by knock down of both the α4 and α9 nAChR by siRNA. Primary mouse lung fibroblasts (4 × 10 4 cells/well) transfected with α4, α9, α10 or β2 nAChR or control non-target siRNA in 12-well plates for 24 h were treated with or without ethanol for an additional 24 h. Afterwards, cells were washed, harvested and processed for RT-PCR analysis of fibronectin mRNA. Relative fibronectin mRNA values were normalized to 18S and shown as means ± SD. Note that α4 and α9 nAChR siRNA blocked the ethanol induced fibronectin mRNA expression when compared to control cells or cells transfected with control non-target siRNA. Both α10 and β2 nAChR siRNA failed to block the effects of ethanol. *Significant difference from control or non-target siRNA treated cells (n=4; p< 0.01). C. Induction of fibronectin protein expression by ethanol is inhibited by knock down of α4 and α9 nAChR by siRNA. Primary mouse lung fibroblasts (4 × 10 4 cells/well) transfected with α4, α9, α10 or β2 nAChR or control non-target siRNA in 12-well plates for 24 h were treated with or without ethanol for an additional 24 h. Afterwards, cells were washed, harvested and processed for Western blot analysis of fibronectin. Identical blots were incubated for β-actin expression and used for gel loading control. Bars in graph are shown as means ± SD. Note that α4 and α9 nAChR siRNA blocked the ethanol induced fibronectin protein expression when compared to control cells or cells transfected with control non-target siRNA. Both α10 and β2 nAChR siRNA failed to block the effects of ethanol. NS, control non-target siRNA. Primary lung fibroblasts (1 × 10 5 cells/ml) transfected with or without control non-target or α4 shRNA were plated into 24-well plates. Cells were then treated with or without ethanol for 24 h. Some samples were pretreated with nicotine (2 mM) for 1 h prior to the addition of 5 nM CF488A-labeled α-BGT (Biotium, Hayward, CA). Cells were incubated an additional 3 h at 37°C and 5% C0 2 . Afterwards, the cells were washed twice for 5 min with binding media, washed once for 15 min with TBS (10 mM Tris-HCl, pH 8.0, 150 mM NaCl), and washed once for 5 min with PBS. CF488A-labeled α-BGT bound to surface nAChRs was quantified using a Beckman Coulter AD-340 spectrophotometer. Values were normalized to total protein and shown as means ± SD. Nicotine, used as control, inhibited α-bungarotoxin binding. *Significant difference from control cells (n=4; p< 0.01). **Significant difference from ethanol treated control cells at 72 h (n=8; p<0.01). C sh , primary lung fibroblasts transfected with control non-target shRNA; α4 sh , primary lung fibroblasts transfected with α4 shRNA. Nic, nicotine.
Figure 5. N-acetyl cysteine inhibits ethanol-induced fibronectin expression; α-bungarotoxin inhibits oxidant stress-induced fibronectin expression in lung fibroblasts
A. Primary mouse lung fibroblasts isolated from C57BL/6 mice transgenic for the fibronectin-luciferase promoter (1 × 10 4 cells/48 well) were pretreated with 5 mM N-acetyl cysteine (NAC) for 2 h prior to exposure to ethanol (60 mM) for 24 h. Cells were harvested, and cell extracts were processed for induction of fibronectin promoter expression by luciferase assay. Quantification was performed using a Labsystems Luminoskan Ascent Plate Luminometer, results were recorded as normalized luciferase units, and all samples were normalized for total protein as determined by the Bradford method.*Significant difference from control non-treated cells (n=8; p<0.01). (Insert) Illustration of the location of several cysteine residues strategically located near the ligand binding site of the α4 nAChR that could be the target of oxidant stress. NAC, N-acetyl cysteine. B. Primary mouse lung fibroblasts isolated from C57BL/6 mice transgenic for the fibronectin-luciferase promoter (1 × 10 4 cells/48 well) were exposed to oxidant stress induced by oxidation of the Cysteine/Cystine redox potential or Eh Cys/CySS. Some cells were pretreated with αbungarotoxin (α-BGT). Afterwards, fibroblasts were harvested and washed, and luciferase activity was quantified using a Labsystems Luminoskan Ascent Plate Luminometer. For these experiments, results were recorded as normalized luciferase units. Each experiment represents 6 separate samples. Results were normalized to total protein as measured by the Bradford method.
Figure 6. Ethanol increases α4 nAChR expression in vivo
A. Immunohistochemical analysis of α4 nAChR expression in the lungs of animals treated with or without ethanol. The lungs from control animals showed little staining for α4 nAChR, while the lungs of ethanol-treated animals exhibited a dramatic increase in staining for α nAChR in peri-airway cells, peribronchial tissue, primary lung fibroblasts, vascular structures, within the interstitium, and alveolar macrophages. B. RT-PCR analysis of α4 nAChR mRNA expression in lung of both mice and rats treated with or without ethanol. Upper panel: RT-PCR analysis of nAChR mRNA, PCR products were analyzed on 1% agarose gel stained with ethidium bromide. Lower panel: Quantification of nAChR mRNA using Real-Time RT-PCR analysis of lungs using a Cepheid Smart Cycler (Sunnyvale, CA). mRNA values were normalized to 18S and shown as means ± SD. Note that α4 mRNA levels were significantly increased in the lungs of animals treated ethanol. *Significant difference from non-treated cells (n=4; p< 0.01). C. Western blot analysis of α4 nAChR protein expression in the lung of both mice and rats treated with or without ethanol.
